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PREFACE 


The writer has described a practical method of magnetic 
amplifier design. Some of the problems associated with any 
method of design have been considered. A special problem is 
solved in Chapter II. 

The writer acknowledges valuable,advice from Reuben Lee, 

C. K. Hooper, and J. W. Evans, engineers of the Westinghouse 
Corporation, Baltimore, Maryland, on the design probiem of Chapter 


I. 
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INTRODUCTION 


The magnetic amplifier is a device which may be inserted be- 
tween a power source and a load to vary the amount of voltage 
appearing across the load. It may be thought of as a variable 
impedance in series with the source and the load. Varying this 
impedance will result in a variation of the voltage across the load. 
Magnetic amplifiers now have many applications, and new uses are 
constantly being found. The problem of how to design a magnetic 
amplifier for a particular application has become pressing. An attempt 
is made in Chapter I to explain som of the problems involved in 
magnetic amplifier design and to present a method that can be used to 
solve the design problem in a simple way. 

Chapter II deals with a specific problem--the design of a 
magnetic amplifier to control a radar antenna. The amplifier was 
designed according to the procedure outlined in Chapter I, and it 
operated successfully. It should be noted that the conditions im- 
posed on the magnetic amplifier of Chapter II were rather severe. 

The load varied over a wide range, and yet this load variation was 
not to be reflected in a motor speed change. Such a problem would 
have required complicated circuitry and numerous tubes in the con- 
ventional antenna controller. The magnetic amplifier needed no 
tubes and very few circuit components. 

Appendix A takes up the question of tracking. Here the magnetic 
amplifier seems to fail as a substitute for conventional circuits. 
The reason for this stems primarily from the fact that no one as 
yet has discovered a configuration of cores and coils that will track 
without excessive losses and exeessive weight. 
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Chapter 1 


MAGNETIC AMPLIFIER DESIGN 


1. Simple Magnetic Amplifier 

Perhaps the simplest type of magnetic anplifier is illustrated 
in Figure 1. It is necessary, in practical applications, to use 
two cores, two load (a-c) windings, and two control windings to make 
possible cancellation of the effects of the load windings on the 
control winding by transformer action. A single three-legged or 
four-legged core may be used if available. Such a core does not 
differ, essentially, from the attangement of Figure 1. The load 
windings may be either in series or parallel, one arrangement being 
somewhat superior to the other for particular applications. The con- 
trol windings are always arranged in the manner shown in Figure 1. 
Such an arrangement causes a concellation of the voltages induced 
in the control windings by currents in the load windings. 

The load, the load windings and the a-c supply are in series 
in Figure 1. Any variation in reactance of the load reactors will 
cause a variation in the voltage appearing across the load. In- 
creasing the control current causes a decrease in the impedance of 
the load windings and a corresponding increase in the voltage across 
the load. Decreasing the control current has the opposite effect. 
The variation of impedance may be shown graphically by the method 
depicted in Figure 2. 

Figure 2 shows a sinusoidal voltage across the reactors. This 
voltage causes a sinusoidal flux which lags the voltage by ninety 
degrees. It may also be said that this flux is caused by the 
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magnetomotive force resulting from the total currents flowing in 
the load windings. 

The magnetomotive force may be determined by projecting the flux 
onto the 0 (flux) vs MMFcurve and then projecting the mmf onto 
the MF vs € (phase) curve. This determination of the magnetomotive 
force produces the load current as a by-product since wef equals N1 , 
1t is apparent that increasing the control current will cause the 
flux in each core to swing above the knee of the vs MMF curve 
earlier, thus causing a greater mm f and load current. As a matter 
of fact, the saturation curve is always much more linear and much 
steeper than shown in Figure 2, and the knee is much more abrupt, 
with new high-permeability cores. The curve for a high-permeability 
core causes the load current to be essentially a series of pulses 
if the flux swings above the knee. With a given voltage applied, 
the control current magnitude determines whether "firing" will 
take place. 

Figure 3 shows typical firing angles fc: several values of 
control current. If the alternating flux never exceeds the value 
at the knee because the control current is low ("bias" is too great), 
firing cannot occur. This is equivalent to saying that the inductive 
reactance is very high. Obvpusly, increasing the magnitude of the 
applied voltage will also cause firing. It is possible to determine 
analytically the angle of conduction, relative to the supply voltage, 
of the magnetic amplifier in many cases by using certain circuit 
parameters and the hysteresis loop of the core. In essence, firing 
of the magnetic amplifier occurs when the instantaneous flux density 
in the core reaches a critical value which may be called the firing 


flux density. x 


& Dornhoefer | 2 ] 5 









I], zıe ma. 


Conduction 2 bsut FE 


— jue | 
25 ma. 


A J bout ا‎ 
te bat less den TM 





Firing anqle per reactey = coc”! [+- -De wwa | (1) 
E f 


m X JO 


N dd P 
E:z-M J X10 زع‎ 


d= @, coo wt (3) 
Therefore j E= N wo, SIM wt EX EAS 
E, = Nw De, X 0 


dm = Emxvo” 
NW 





£ x 10? 
And O = E: i yausses 
WAN (4) 

Dubstituting (4) in (1), 
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where by. is the critical or firing value 5f flux density. and Bis 





the flux density in the core due to control current alone. Of course, 
O“ © < TM and - م2‎ « f, = +£p . Ir Bis less than - $; 
or greater Em +5, sit is still possible for firing to occur 
but Hs will be unreasonably large, and the magnetic amplifier 
will lose much of its responsiveness to control current variations. 
118, exceeds 5, و‎ firing of the amplifier cannot be prevented regard- 
less of the value of b, . In applications like motor control where 
it is desired to be able to stop the motor, inability to prevent 
firing would make it impossible to bring tne motor to a stop. 

The magnetomotive forces of the two windings were shown graph- 
ically in Figure 2. Mathematically, they may be expressed in the 
form of a series. The same series, divided term-by-term by the number 


of turns in the windings, represents the currents in the load windings. 
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Ic is obtained by dividing the control winding magnetomotive force 
by the number of turns in the control winding. 

The total load winding current is the sum of I, and Ip, with 
the windings in parallel. 


= 2( ZX, cose + I, cos 36 11; cos se 


total 
EZ cos 20 + --: ) (e) 


= 2 ( odd har monic Jer ms) 


With load windings in parallel, then, the even harmonic current 
terms cancel in the load circuit. The odd harmonics of the load 
Winding circuit have no effect on the control windings, even though 
the harmonics agein phase, because the control windings are reversed 
in phase. Although there are no even harmonics in the load (or supply) 
Circuit, there very definitely are even harmonics in each of the 
load windings, as shown in equations (6) and (7). These even 
harmonics may readily be shared by the control windings. An inductance 
is sometimes placed in series with the control windings to make 
their share of these even harmonics small. It is desirable to 


eliminate these extraneous currents from the control windings since 





they constitute an unwanted input to the amplifier. These currents 
also adversely affect the amplifier's sensitivity. 

If it is desired to design a magnetic amplifier with as rapid 
a response to control current change as possible, the load windings 
will be in series. Then even harmonic currents can flow only in the 
control windings. If the even harmonics are permitted to flow in 
the control windings, the magnetization of the reactors is said to 
be natural; if the even harmonics are prevented from flowing in the 
control windings by a large series impedance or some other method, 
the magnetization of the reactors is said to be constrained since 
the even harmonics cannot flow at a11 Generally, series load wind- 
ings are used when fast response is desired and parallel load wind- 
ings when high gain and high power utilization are the primary 
considerations. Since the time constant of an inductive circuit 
is > the resnonse time may be decreased by adding resistance in 
the control windings. This increase of resistance means more power 
loss in the input circuit, however, and a consequent loss in power 
gain. 

The foregoing discussion of the type of magnetization that 
results from a particular arrangement of windings is important from 
the design standpoint. Most methods of design assume a sinusoidal 
flux in each reactor. This cannot be the case is the magnetization 
is constrained--if some harmonics cannot flow. Therefore, design 


is considerably simpler, if it is to be quantitatively accurate, if 
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magnetization is natural. This means all harmonics must flow. 
As has been indicated, with parallel load windings ali harmonics 
can flow. if they are eliminated in the control windings, they 
will still exist in the individual load windings so that the flux 
in each will be sinusoidal. The design problem is consequently 
simplified by using the type of circuit illustrated in Figure 1. 
After it has been decided that the type of circuit shown in 
Figure 1 is to be used, the next step is to pick out the two reactors. 
Many high permeability core materials are now available. Among 
these are hipernik V, orthonik, hipersil, and mu-metal. Assume 
hipersil is chosen. The size of the core is then determined by the 
volt-ampere rating necessary as fixed by the maximum load. Window 
size is important also, for it determines the number of load and 
control turns that may be used. These turns will usually be wound 
on the same leg of the core. Figure | shows a type "Ct core. A 
banding strap tightly binds the two halves, making the air gap small. 
If the load is d-c, the rectifiers may be chosen next. It is 
important to choose rectifiers with high back re for reverse 
current will decrease the sensitivity of the amplifier. Selenium 
rectifiers have been improved to the point where the reverse current 
is almost negligible. Another factor that must be considered in 
selecting the rectifiers is the range of voltage that will appear 
across them and the range of current drown through them. For 
example, a stack of twenty selenium plates each five inches in diameter 


will tolerate about three hundred volts a-c across them and will 
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handle a current drain of five or six amperes without getting too 
hot. The forward d-c voltage drop, however, decreases with current 
density, particularly with very low values of current density. This 
is illustrated in Figure 5. The non-linearity for very low current 
densities means that the voltage available for the load is not a 
straight-line function of the a-c voltage applied to the rectifier. 
This apparent difficulty may be obviated by experimentally determining 
what a-c voltage must be applied to the rectifier to produce the 
minimum load voltage and current and the a-c voltage necessary to 
produce the maximum load voltage and current. The a-c voltage necess- 
ary over the range will not be linear, since the rectifier character- 
istic is not linear, but this non-linearity will not prove troublesome 
in most applications. It is the problem of the designer now to design 
the magnetic amplifier to produce the required range of a-c voltage 
and current for the rectifier. 

Perhaps the easiest way to design the reactors is to use a 
graphical method. A family of curves of H, vs D, with control 
eurrent as parameter must be obtained for the hipersil core material. 
To get these curves it is necessary to wind an a-c and a d-c winding 
onto each core. Five or six hundred turns of wire for each winding 
shoud suffice. The circuit of Figure 6 is now set up. 


To find the a-c flux density B: 
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In the above equations, Vac is volts, Lact amperes, L is 
henries, but all other units are C93 . The Westinghouse Corporation, 
which produces hipersil, uses gausses, ampere turns per inch for H, 


square inches for A. Using these units, 
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But A must be converted to square inches. 


Therefore, B- 2.47 on E 


This B is an "rms" flux density whereas the peak value causes 


the magnetic amplifier to fire. Therefore, 

B 2 350 Var Kol (15) 

FAN 
Where Ve is rms volts across one reactor. 
H in ampere turns per inch is determined by measuring the 
voltage across the resistor R, finding the current as Rond comput- 
ing YA e Since this current is the current from two reactors, it is 
twice the value of one. 
To get the 8-11 Curves, J set at zero and م‎ is increased 

from zero in convenient steps, and Ê and H are computed at each 
point until saturation has been passed. The locus of these points 
is a B-H curvo for Te = 0 . Lo is now increased to, say, 
twenty milliamperes, and a new curve is obtained. This process is 
repeated at regular intervals until a family of curves such as are 
shown in Figure 7 is obtained. In these curves it may be noted that 
the Ho. exceeds the Ha for one reactor by a small amount at and 
beyond the steepest part of each curve. (To get Hae for one reactor, 
the values shown cn the abscissa mst be divided by two). The reason 
for this excess of Ha. over Hace is that the total d-c magnetomotive 
force must exceed the a-c magnetomotive force by the amount required 


to drive the core into saturation. 
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With the curves of Figure 7 available and with the knowledge f 
load conditions, the design of the magnetic amplifier may be accom- 
plishec. These data are known: 

l. Maximum load conditions. This was previously determined 

from the experimental test on the restifier and load. Maximum 

load is a Von, and and ax : 

2. Minimum load condition. This was similarly determined from 

the restifier-load test. 

Minimum load is ay,‘ and anZ „n- 


Pin 


3. The length and area of the core. 


M ax (4 ac (16) 


00 a 
Min ( BE) ae 


is now determined. The ratio (16) will be a numeric since N is the 


The ratio 


only unknom. 

Choose a point near the knee of the Że equals zero curve. This 
point will determine Min. ( M Ja e » Which in turn determines 
Max. (4), sinos the ratio of ff mre dt ne mis known. The point 
chosen near the knee of the J. equals zero curve also fixes a maximum 
voltage across the reactor, since, as was shown in equation (15), 


8. 350 Vvxo* | | 
0 FAN gausses. This maximum reactor voltage 





occurs, of course, when the load voltage is a minimums Since the 
ordinate in Figure 7 is 2 rather than B, V is easily obtained by 
multiplying the value of % y found opposite the point chosen near 
the knee by AN. Now the reactor voltage and load voltage are both 
known for minimum load. The appliec voltage will usually be the 
quadrature sum of these. In some applications, however, the reactor 
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voltage, and the load voltage add almost arithmetically to give the 
applied voltage. The angle between these two voltages may be deter- 
mined exverimentally. The minimum voltage across the reactor may be 
found ty subtracting the maximum load voltage from the applied voltage. 

Thus two points are found on Figure 7--the first selected near 
the knee of the Je equals zero curve, and the second determined by 
the intersection of minimum V and maxcimun (MF) - A line drawn be- 
tween these two points may be called the load line, and it represents 
the approximate locus of operation of the magnetic amplifier as 
is increased from zero to the value necessary to move the locus to the 
end point. If this load line dees not fall within a useable range of 
the curves of Figure 7--for example, if Vn falls below the bottom 
envelope of the curves--, it is necessary to move the initial point 
either up or down on the I, equals zero curve to a point which does 
cause the second point to fall on a practicable spot. The load line 
will not be straight in most applications. If the load voltage and 
reactor voltage add in quadrature, the locus will be elliptical. 
However, in many applicetions the best the designer can do is fix 
the end points. If, for the sake of linearity, it is essential to 
know the exact shape of the operating locus, intermediate points 
may be found most easily by experimental test. 

N, the number of turns on the load winding of one reactor, 
may be readily found since both ( YF M „n ac way? known , 
N being the only unknown in either. The wire size for the load 
windings is fixed by the 1 in ( MF) . The wire is then wound 

MAL 

around micarta tubing and fitted onto the core. Window space for 
the control winding plus any other desired windings must remain. 
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From Figure 7, (22), -— 


through the end point of the operating locus. An Ny. is selected. 


may be found as the line which passes 


Ñ de should be at least twice as great as Mac to reduce the control 
current. Once Na. is selected, Z4 n is determined. 

It is possible that the I?R losses in the windings may cause 
excessive heat under maximum load. These loases may be determined 
by computing the resistance of the windings and then the total copper 
losses. Other losses may be neglected. Dividing the total copper 
loss per reactor by the total weights of tHe reactor, including 
windings, gives a figure in watts per pound that is a measure of 
whether or not overheating will occur. In the open air, a figure of 
one watt per pouna will barely raise the reactor temperature by an 
appreciable amount. 

An analysis of Figure 7 helps to clarify magnetic amplifier 
principles. Equation (lı) indicates that the inductance of a load 
winding is equal to a constant times the core permeability. Or 
the inductance appears to equal a constant times the slope of the 
B-H curve at the operating point. A glance at the slopes of the curves 
of Figure 7 at the operating points proves that the "impedance" of 
the reactors certainly is not a direct function of the operating 
point slopes. In fact, except for the magnetizing current that flows 
under conditions of very low flux density, the currents that flow 
are not sinusoidal. Therefore, impedance is not simply a function of 
an inductive reactance, for there is no such thing as inductive 
reactance if the current is distorted unless the various harmonics 
of the total current are considered one at a time. Boyajian & showed 


kx Boyajian [ 1] 
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that if the saturation curve were divided into two regions, each 
being linear, the first region being that of unsaturation, the second 


that of saturation, the pin harmonic for one reactor could be expressed 








by 
1 € 
L -2 W: Cae 
a FL) €, Cos nO 4-9 m DE. ac PU (17) 
LOMA — sin 2 ( (9) 
Gnd 
2. E Emay Sm (4-Z) 
A 
+ بك ) هل‎ -) (19) 


2 


Figure 8 (a) shows the saturation curve, 8(b) shows the component 
curves that add to give the resultant current shovn in 8(c). The 
transients of regions one and two are represented by the second term 
of eguation(19). 6, is the value of current represented by the knee 
of the saturation curve. This method of determining the various 
harmonic currents depends for its accuracy upon using high permeability 
cores. When I, is large enough to move the operation point close to 
the full-load point, it becomes necessary to add a third region to 
the problem--that region extending almost horizontally from zero to 
the point at which the curve breaks upward. 

As has been indicated, a general inductive reactance function 
does not exist when the load current becomes distorted due to satur- 
ation. Nevertheless, many references show a curve of Y, ys Les with the 
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decreasing exponentially from a high value for z equal to Zero 

to a low value for large J, . Such a curve is usually quite mislead- 
ing, for it is usually constructed by entering curves like those of 
Figure 7 at points of constant flux density and varying control 


current. Since B is constant, V is constant and may be determined. 


Then 
V 


=e p 
ene veactóv ` (20) 
Lore reactor 


p X ^" 


" 3», sv x (o 
= —— EA (21) 
H X 2 


where H is the abscissa value of the intersection of the constant B 
line and the particular VER line. 


Or 
(22) 


one reactor 


Or PA - K. P (23) 


one reactor 


since B is a constant. Knowing this impedance for each H and knowing 
the resistance permits the determination of X, for each H. A plot 
is then made of YA vs L, . Such a Plot has very little justification, 


for the operation of a magnetic amplifier is always accompanied 
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by large changes in B. The only way B could remain constant would 
be for the supply voltage to be changed very drastically as de is 
changed. A true and useful plot of en X, (not equal toamfl ) 
vs J, could be made by letting H and B vary with Z, as actually 
happens. Equation (22) could be used for points along the load line. 
But Equation (23) could not be used since in it B was assumed 
constant. 
2. Self-saturated Magnetic Amplifier Design 

Besides the load and control windings, a reactor may also have 
wincings for bias and feed back. Figure 7 may be used to obtain 
another series of curves called the transfer curves. These are 
obtained by drawing the load line across Figure Y as explained in 
part A. Each intersection of this load line with a constant (M2) ae 
curve cee es a value of ( e£ and also a value of (22 a 
The latter is found on the abscissa directly beneath the point. A 
plot ola ( 48], nay then be made. This may easily be transformed 
into a plot of Za, VS I g„ and finally a plot of rectified load current 
vs Jy, (or 2. ) as shown in Figure 9. The alternating current 
flowing in the load windings is a fairly linear function of the direct 
current in the control winding over most of the curve. Or it may 
be said that Hac is a linear function of Ay . Now, if part of the 
rectified load current is sent into a separate feedback winding in 
such a direction as to add to Hy, of the control winding, some of 
the direct H needed to produce a particular load current may be 
thus provided. It is vossible, in fact, to provide so much positive 
feedback that the additional direct H needed from the control winding 
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may be only a small fractional part of that needed in the case where 
there is no feedbeck. This is illustrated in Figure 10. Figure 9 
shows that maxirum output with feedback may be obtained in a typical 
circuit with a control current of about forty milliamperes. Maxi- 
mum output without feedback would require a control current many times 
this value, the 7, disparity depending upon the percent of feedback. 
The necessity of bias, in a separate bias winding, for certain 
applications is apparent in Figure 9. It is evident that for (+ de 
equal to zero), is not zero. If the bias current were of such a 
magnitude as to bring the minimum point of the curve far enough to 
the right to make it coincide with the(M) ) equal zero ordinate, the 
a-c output for zero input would be materially reduced. This reduc- 
tion of output for zero input might be essential in such applications 


as motor control if it is desired to be able to stop the motor. 


The amount of feedback is 


ee 
B ~- 4 7424.4 — (23) 
(27) 


Since | is the same for both windings, 


B =- (02) pss (24) 
IN I) 4. 


As has been pointed out, the total d-c maf is the sum of the control 





current mm f and the feedback mmf . Or 





( Nr),, = (WI), + م‎ wz 76 Cig 
(Qu. I. _ (nx a, _ Luis (26) 
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The extra windins for feedback may be eliminated by placing 
rectifiers in series with the load winding as shown in Figure 11. 
A direct component of the load current, proportional to the load 
current magnitude, provides the direct magnetomotive force formerly 
supplied by the feedback winding. This feedback arrangement is 
called self-saturation. Then Ney, and Ma, are one and the same 


winding and 


= FfAbk 
P Sod (a9 
also (NI), = (NI), + NL Tina (28) 
) 
E (N7) 4. N 


So A — 0 I 
N UMSO DNE 
6 J q 


/ 
But (NT ) 0 is also the magnetomotive force required with 
E 
no feedback. 


Therefore 


(NI) 4. = NI © Bo) 


If it be assumed that N Je equals Na. , then 


I. T T Nas (31) 


With two reactors in parallel as shown in Figure 11, Ir A is 





nearly equal to one-half of LO e Since Twad may be measured, 


a more convenient expression for JA is 


ur Î lea 
MEN = Ig. - — Na. (32) 
Ne 
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Self-saturation and external positive feedback are virtually 
identical. With self-saturation, reverse current through the 
rectifiers tends to demagnetize the core during the "non-conducting" 
half-cycle of the supply voltage. This demagnetization of the core 
may drastically reduce the amplification of the magnetic amplifier. 
It is important, therefore, to choose rectifiers having as great a 
back resistance as possible. With external feedback, there isa 
certain amount of flux leakage between the feedback winding and the 
load winding. This reduces the effectiveness of the feedback. 
Perhaps the principal consideration in contrafting the two methods 
of feedback is that of core utilization. It is clear that self- 
saturation, since it avoids the use of one winding, has the advantage 
of providing more space for other windings or xrrdtting the use of 
a smaller core with the conseguent economy of space and cost. 

Since the input current (Ic) for a magnetic amplifier with feed- 
back is much less than Ic for a magnetic amplifier without feeback, 
the power gain of the former is correspondingly greater. Whereas 
the power gain of a magnetic avplifier without feedback might be 
several hundred, the power gain of one with feedback might be as 
much as two hundred thousand. 

As in the case of the simple magnetic amplifier of Section A, 
the firing time for the self-saturated amplifier can be controlled 
and determined. Before firing, the assumption is made that the 
entire supply voltage is across the reactors. After firing, it is 


assumed that the entire supply voltage is across the load, From 
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zero time, when the supply voltage is passing zero with positive 
slope, to some time later in the positive alternation all the supply 
voltage is across the reactors. When the flux density due to the 
voltage across the reactors reaches a critical value firing occurs, 
and the supply voltage shifts to the load. If now the control current 
is increased, the flux excursion in the reactors starts from a 

higher value and consequently reaches the critical (firing) flux 
density value earlier. This results in larger values of a-c magnetizing 
force and output voltage. Bo, the initial flux density, is determined 
by the control current only, since Bae is zero when the supply voltage 
is zero. After the conducting half-cycle for one reactor, hysteresis 
and the presence of the rectifier causes the flux density to remain 

at a finite value even when I, is zero. If hysteresis is appreciable, 
this value must be added to the flux density due to I, to get Bo. 


Since the voltage across one reactor is given by 


CN 4 nio" (33) 


AB = I x 10° 


= Emsnwt dh x,’ (34) 
Va x 





Therefore B= 8, + J z Sm wt di x10" /a s) 


m 
NA 
where B, is the constant of integration. Firing will occur when 


& 
B exceeds the firing flux density B f 
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i 
f Ém Sh tot dt x 10" 
Bp = 8. + | — 
? 
Bs - Bo = ame (1 - Cos wty) 


(Bo - Bs JLONA 


= / 


CE uou) 


wt, = AP (JN Em x 10” 


let lod, = Of. “Then, Since 
B 5 £s, x io? 
wn A 


$73 = Cos! ( / — Br- ) 


/ 


The limitations on equation (38 ) are: - D, < Bo 


% Dornhoefer [2] 
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(36) 


(37) 


(39 ) 





and O > Of < y (40) 


The average voltage across the load may now be computed by using 


WT 
Ci En sin & AO 


Py 
= Im ر(‎ + cos by) (41) 


or (N = 2 ( / + Bari S) (42) 


For two reactors, the output voltage given by equation (hl) 
must be doubled. Since Emis known and Bais given by equation (57). 
the average load voltage may be determined if B, and Bp can be found. 
lf it is assumed that By, is proportional to Hy, only, where Ho is the 


Mm] due to the control current alone, then Bg may Le found by using 
p, YA H o (4 3) 
he | 
K e = NI. (44) 


and JA is the slope, at the point corresponding to the given lc. of the 
upper right branch of the hysteresis loop drawn for the core material 
with the a-c windings open. Or B, may be read directly from the 

curve itself. BA may be found from Figure 7 as the value of flux 
density at the knee of the curve drawn for the given Ic. 

The foregoing method for finding the output of a self-saturated 
amplifier depends for its accuracy upon the validity of the assump- 
tions made earlier. Its accuracy will be poor if before firing 
there is an appreciable voltage across the load and if, after firing, 


there is an appreciable voltage across the reactors. 
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3. Summary 

The self-saturated magnetic amplifier circuit of Figure 11, is 
but one of many configurations that may be used. In Chapter II, for 
example, tests conducted on a bridge-type circuit will be discussed. 
Regardless of the circuit used, the principles of design outlined in 
this chapter may be applied if prover care is exercised. Cascaded 
magnetic amplifiers have not been mentioned for two reasons. First, 
cascading does not add to the design problem if special care is taken 
to ensure that there is no output direct current of the first stage 
(control current of the second stage) when the control current of 
the first stage is zero. This requires a balancing out of mmf 
between the two stages. Second, the special design problem, which 
is described in Chapter II, that was of particular interest did not 
require cascading. The design procedures detailed in this chapter 
are, in fact, the basis of the special design of Chapter II. 

It may be recalled that the procedure of design did not specify 
what type of magnetic amplifier, simple or self-saturated, was to be 
used for a particular reactor design. As will be demonstrated in 
Chapter II, the reactors may be designed for a simple magnetic 
amplifier and then used in a self-saturated circuit under the same 
load conditions without modification of their physical make-up. It 
has been shown, however, that the self-saturated circuit is far 
superior to the type illustrated in Figure 1 in power gain. There- 
fore the self-saturated (or feedback) magnetic amplifier is almost 


always used in applications involving appreciable power consumption. 
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CHAPTER 11 
A MAGNSTIC AMPLIFIER FOR SPS-6B RADAR 
ANTENNA CONTROL 


1. The Problem 


The problem was to design, build and test a magnetic amplifier 
to control the SPS-6B radar antenna. The requirements to be met 
were as follows: 

(1) to rotate the antenna at any speed from zero to fifteen 
revolutions per minute under any load from zero to a sixty 
knot wind plus effect of inertial forces. 

(2) to regulate the antenna's rotation speed as the load 
changed over any or all of the range from zero to a sixty 
knot wind plus effect of inertial forces. 

(3) to eliminate vacuum tubes from the circuit. 

It is felt the above requirements were met by the magnetic 

amplifier described in this chapter. 
2. Antenna Motor Characteristics 

(1) The motor was one-half horsepower, direct current, separately 
excited. | 

(2) The field required 115 volts, .12 amperes direct current. 

(3) The armature voltage for full speed (3150 rpm) was 230 volts. 
d-c. For lower speeds, the armature voltage was, of course, 
less than 230 volts. 


(hl) The armature current varied with load as follows: 
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No Load Full Load 


tes Ia Es Ia 
creeping .30 amps creeping ~40 amps. 
3450 . 70 amps 3450 5.32 amps. 


(5) The gear ratio from the motor to the gear extruding from 
the motor housing was 10:1. The ratio from this gear to 
the antenna was 5.75:1. Therefore the gear ratio from the 


motor to the antenna was 230:1 (or 3150:15). 


The loading of the motor presented a problem since there was 
not available for testing purposes an SPS-6B antenna. A prony brake 
could have been used to simulate the antenna load, but such a method 
would involve errors. It was decided, therefore, to work out an 
electrical equivalent of the motor and load.* For the shunt d-c 
motor of Figure l(a) 

Eo = ky 
and Em = k. £ 
e = Rac +e 


9 
Ce Rat + kw 


or 


The developed torque is 


CLE EE 


or a. d 
Ky J 22 47. 


Taking the Laplace transforms of equations (hn) and (6), assum- 


ing initial conditions to be zero, 


* From a paper by C. K. Hooper of the Westinghouse Corporation. 
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(1) 


(2) 
(3) 
(4) 


(<) 


(6) 





es) = Ea WED E RIOS (7) 


k, ils) = T 5 w(s) + TL/S) (3) 


Solving eguation (8) forW(s), 


WI) = Kr lD- Tals) 


(q) 
Js : 
Substituting Xs) in equation (7), 
e(s)- Ka clsd + ky Ente Go) 
or e/s)J s = Ra ¿(s) Ts 3 kV. es) 
or B k, N (s) 5 
Us) Is + روم بارج‎ CSR, s +k,k,) 02( 
en /s) - CCTS + ky Tals) 
KS) YAI 7 Open (s 
Ka Ts + Ky K 7 ) 
S TL Taels? 
finally, tls) = Lkr y els) = Ko, (14) 





EI. 
KA St s +) 


Both (and 7, may be called step functions of value Jel ana 7 & | 
respectively. Then 7 L sjel +¥ el ( ) 
4 E s 

s] R, 1 s+ 1] 


ky T 





If T, is zero (load is zero), 


Jel 








ita) > EE fs) 
sc ar 
Ka a 
Now consider the circvit of Figure 1 (b). By Laplace, 
A Kt Ce) a (17 ) 
els)les 
or els) = Ii (12) 
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If again Cis a step function of amplitude (el : 





, lel 
) = E, 
L(s K s+ a (19) 


A comparison of equations (16) and (19) shows that a d-c motor 


at no load is equivalent to an R-C circuit. Further, it is seen that 


R, «= R 
and 2. eguals C (20) 


The capacitance of the radar antenna motor at full speed was 


about 20,000 microfarads. 


If 7, is not zero, the equivalent circuit for the motor under 


load follows from equation (15). 


Ra + + are >( ky + Bal o) 
Je! 7 le ) 21) 
20 A [TT 
py 1(s) = ky K (e! lel RaT 
Rusi kiki ss (Aj kt a 


Now consider the electrical circuit of Figure 1 (c). For the 


capacitive branch, 


C ( s) = ge EE. 








m 23) 
/ 
cs 
For the inductive branch, 
Els) 

Ra + 4S (24) 

Adding, 6 
R, +- Ra + 4 S 


Cs 
If is a step function of magnitude [e] , 
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(es) z lel 4 E . (2 6) 


SIR, رع 4+ +يم /5 اع‎ 
! lel le! 
or Gide gaa s/R+ls) G>) 


A comae rison of equations (22) and (27) follows in Table 1. 


Table 1 
Motor Symbol Electric Circuit Symbol 

Ra R, 

kyr C. 

lel 

k 

Ir R, 

lel Kat 


E k, - 


The inductance term for the motor under test was about ten 
lgenries. de. the only effect this inductance will have on the 
d-c motor is to cause a momentary transient response for load or 
speed changes. Therefore, it is not necessary, in putting an equi- 
valent load on the motor, to include this term. The equivalent load 


on the motor, then, is simply Ro. Ro varies with the armature volt- 


age and the real antenna load. For full load, V4 is 230 volts, 


1 
horsepower is one-half, rpm is 350, armature inertia J is, /7 [sft | 


Then e cur > SE M 746) = 4,06 Amps . (2 y) 
A3o x 40 


where the efficiency is .lO. The full load torque is 


Ta HPIXS252 . 7530 /4-JY (2. 9) 
RPM 
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BIT, e eee (32) 
TF “Lo am P 
Therefore N = 230 yx = S9S.£2 (31) 
76 


The resistor actually used in parallel with the armature to 
represent full load was fifty-five ohms. As will be shown, this 
value of resistance shunting the armature presented nearly the same 
led to the power source as the actual full load on the antenna 
(sixty knot wind plus effects of inertial forces). 

Wind loading may result from ship roll, pitch or yaw as well 
as from the wind itself. In addition, roll, pitch or yaw throws 
an inertial load on the antenna due to its deviation from the 
balanced position. A third factor of rather minor consequence is 
the sinusoidal variation of load with antenna rotation. Balancing 
vanes on the antenna reduced the load variations resulting from the 
interaction of antenna rotary movement with ship movement and wind 
movement. It was found by test with the balanced antenna that a 
sixty knot wind resulted in a motor load of ).6 amperes at full 
speed. Maximum mechanical loading added .72 amperes to this, giving 
5.32 amperes d-c as full load, full speed armature current. 

3. General Method of Procedure 

The motor and the magnetic amplifier are connected in series 
with the lO volt, 60 cycle supply as shown in Figure 2. By 
changing the impedance of the magretic amplifier reactors, a varying 
d-c voltage is supplied to the motor armature. This variation must 
be such as to cause the motor to rotate at speeds from zero to 3450 


rpm over the entire range of loads. 
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h. The Design Data 

Before the magnetic amplifier could be designsd, the character- 
istics of the selected selenium rectifier over the load range had 
to be determined and considered in the problem. Figure 5 of Chapter I 
gives the forward voltage drop as a function of the current density 
for selenivn rectifiers. It was considered advisable, however, to 
test the rectifier experimentally. A Westinghouse type "H" #6 
selenium rectifier stack was selected, torn down and reassembled as 
shown in Figure 3(a). This is eovivalent to the full-wave rectifier 
of Figure 3(b). In addition to this arrangement of rectifier plates, 
eighteen additional plates were used later in the self-saturated 
circuit. 

To test the motor response when used with the rectifier, the 
circuit of Figure lj was set up. The results are shown in Table 2 


and Table 3 following: 





Table: 2 
Vac Va im RPM R 
15 volts 2.2 volts .26 amps 0 o 
15.9 4.0 -23 creeping eo 
227] 1950 27 faster BD 
Table 3 
Vac Va 11 RPM R 
15 volts 2.5 volts .hO amps. Creeping 550hms 
2390 10.0 5h faster 53 
57.0 110.0 28027 faster 55 
119.0 100.9 2.52 1,00 55 
1875, 0 150.0 3.58 - 55 
214.0 180.0 1.22 2610 55 
252.0 210.0 105 3260 55 
276.0 230.0 5.10 3180 55 


The data of Table 2 determine minimum load conditions. That is, 
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to stop the motor under zero load, the rms voltage applied to the 
rectifier must not exceed fifteen volts, and I, must not exceed about 
.25 amperes. 

Table 3 shows that a resistor of fifty-five ohms shunting the 
armature did not quite give the same response as the actual wind 
and inertial loading. For the actual full load and full motor speed 
of 3450 rpm, I, was found to be 5.32 amperes. Table 2 gives a 
figure of 5.10 amperes for I, at full load and full speed. However, 
the discrepancy is slight, and "fullload" hereafter in this chapter 
will mean a resistance of fifty-five ohms shunting the armature. 

The last entry in Table 3 above determines maximum lad-maximum 
speed conditions. To get full speed under full load, 276 volts 
a-c had to be applied to the rectifier. 230 volts and 5.32 amperes 
were actually used in the calculations which follow. + 


Resume of -preceding design data: 


b 


Minimum Load - Minimum Speed: 
Va. E IS volts 
L, = ,2S amps* 
Maximum Load - Maximum Speed: 


Va, = avo volts 
Dis. - §.32 amp $ 


It is not necessary to consider "Minimum Load-Maximum Speed" 
or "Maximum Load-Minimum Speed", for these conditions fall within 
the range of operations encompassed by the two conditions outlined 
above. 

5. The Magnetic Amplifier 


The two cores selected were Westinghouse type "C" hipersil, 


116 





541366727 with the following dimensions per core: 


Area: 3 00859: in. 

L (mean core length): 114.85 in. 
Window length: 1.1875 in. 
Window width: 1.625 in. 

Strip width: 2.1825 in. 
Weight: 11.9 pounds 
Wlt-ampere capacity: 1450 


The following design data were known: 


Minimum Load-Minimum Speed: 
Voas IS v 
WA Sa 1.11) 
Maximum Load-Maximum Speed: 
Vas E a vov 
I, = 8.90 amps (C 9,324, X ^H) 
Ihe load current is multiplied by 1.11 because the character- 
istic curves of Figure 7 of Chapter I use this conversion factor. 


The design data and the curves of Figure 7 of Chapter I were 


now used to design one reactor as follows: 





. / M2 - LL AAN (32) 
Min (22) ETA N 0! 
Ma; (ZI >79 y: 37N 3) 
ax | £ Jace ~ 73.05 
Min Az) 
=. <= -© 971! (39) 
Max 0). 
And N Min (Dla (as) 


, 0197 


From curves of Figure 7 in Chapter I, a point on the IL, equals 


zero curve near the knee was chosen. Under this point, on the abscissa, 
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` (k = 
Ms, aE) 7 (36) 


and from equation (3h), 


Max (55). = /4 7”, 6 (37) 


while from equation (35), 


N = 376 turns per core. 


From the curves, 


ven Mi (E), = 


May §, =.26 (39) 
d 3 N 
an ےا‎ = 20 A 
= 302 WV, 


Since the voltage across the rectifier was fifteen volts for 


this condition of Minimum Load - Minimum Speed, 


y 


This assumes that E and V should be added arithmetically. 


app = 301 +15 = 53/07 لط‎ 57) 


As was mentioned in Chapter I, usually E and Ya, should be added in 
quadrature, but it was also stated that there were exceptions. 
With the motor-rectifier load, the maximum angle between E and Va. 


was about thirty degrees by test. Therefore the two voltages were 


added arithmetically. 


E for maximum load = مم‎ - Vac 
= S 
= 37 volts 
and x) e ( fer max, lead) 
Au E 2,033 
~ 9.09 1376 


Resume of preceding calcuations: 
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‚26 for min. load and speed 


AN = 
Min x = .033 for max. load and speed 
Min ( 4). - 7.0 for min. load and speed 
Max (FE) = 118.6 for max. load and speed 


The a-c windinos were made up of # 13 wire, 376 turns per core. 
From the curves of Figure Y in Chapter 1, the (BE), that passes 
through the full load, full speed point was eighty. Ng. was set at 


760 turns per core. Then 


ABE OX FO - |, Sb amps Go) 


T 7 
de map = 760 


The wire selected was f 18. 


The copper loss per pound per reactor was calculated as follows: 


Resistance of a-c coil = 1.0 ohm 

Weight of a-c coil = 7.6l pounds 
Resistance of d-c coil = 1.55 ohms 

Weight of d-e coil = 3.53 pounds 

Total weight of one reactor « 23.23 pounds 
Max. d-c power loss = 1.55% x 1.55 

10.2 watts 

2.95x 1 

0.7 watts 

Total max. power loss = 18.9 watts 


Copper loss per pound = 18:9 = .$11 watts per pound 


23.5 per reactor 


Max. a-c power loss 


Since a copper loss of one watt per pound will not cause 
appreciable heating, the calculated figure was on the conservative 
side. 

6. Simple Magnetic Amplifier Circuit 

The first circuit tested is shown in Figure 5. This circuit 

is the simple magnetic amplifier explained in Chapter I. The data 


of Table lh, and Table 5 were obtained. 
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Table h 





Vapp = 300 volts R = Oo 
Ic Va:np Vrect RPM Ty 
-61 amps. 290 volts 16 volts 0 . 30 amps 
.03 283 B? 143 .33 
10 250 100 910 . 50 
. 20 100 280 3200 64 


The design data had Vy, 4 equal to 15 volts when I, was zero and 


the load and speed were minimum. This checks very well with Table lj. 


Table 5 


Vapp = 310 volts R = 55 ohms 


Ic Vamp Vrect RPM Va 
.025 amps 307 volts 16.0 creeping E 
.20 279 5550 390 - 
HO 218 98.0 930 3 
.36 102 188.0 2000 135 volts 
1,20, 92 268.0 2900 190 
1.50 ED 295.0 3300 211 


Note that the design data for full load gave full speed equal 
to 3150 rpm, Va equal to 230 volts d-c, I1 equal to 5.32 amperes, 
and Ic equal to 1.56 amperes. Increasing Vapp and Ic to the design 
values would cause the tested motor speed, Va and 17 to approach very 
close to the design parameters. Figure Ó compares the actual motor 
response at full load with the response expected in accordance with 
the design. A feature noteworthy in this graph is the fair linearity 
of the motor response with control current. This could only mean 
that the load line drawn on Figure 7 of Chapter I was correctly dram 
as a straight line rather than an ellipse. 

The power gain of the magnetic amplifier was as follows: 

Gain = jower Output (41) 


Power Input 
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(a) Minimum load - Maximum Speed: 


Control circuit power = Ic R. 
& 
= be x 11.55 
= .182 watts 
Load circuit power = Va x 1 
= 131.14 watts 
139.49 
Gai = س‎ = 
n TF2 74 


(b) Maximum load - maximum speed: 


ic ee 


Control circuit power 


= 10.25 watts 
Load circuit power = 211 x 5 
= 1055 watts 
Gain = 1055 = 103 
10.25 


As was shown in Chapter I, the angle during which one reactor 
fires is 180 - where 9 
f i B w = Bp + De 
Of = Cos" CIE E 
a 
Negl=cting hysteresis, when I cis zero B,is zero. By on Figure 7 
of Chapter I is represented by the knee of the saturation curve. 


Here B ¿equals 16.1 kilogausses since 


- 4 
BA 3,5 a Q ausses 


and Ho = , 2, Also Ba eg ua ls 


18.2 Ka. Since +, 15 . 26 . Therefore, 


ره م “دم > Of‏ 


Or Of > fo” 


or each reactor is firing less than half the time for minimum load 
and minimum speed. 
At full load and full speed, Fay is .033. Therefore B isl. 9 Kg. 
53 











Figure 7 m "T rms ELI Self 


Saturatien 





Bf is now about 17.6 kg and B, isu M, or B, = 175 x 100 = 17.50 kg. 
Therefore 
Dy = cwos!(/- 9.27 v 9.22) 


cet^' (94) 
et = 20° 


| 


or each reactor is firing for 160 degrees in its cycle. The firing 
times are not to be considered as rigorously correct since Bg is 
difficult to determine accurately. 

The magnetic amplifier operated satisfactorily. However, the 
necessity of having one and a half amperes of control current for 
full load-full speed made it desirable to design a self-saturated 
magnetic amplifier since such an amplifier needs much less control 
current. 

7. Self-Saturating Magnetic Amplifier Circuits. 

The self-saturating circuit of Figure 7 was set up. The feed- 
back magnetomotive force results from the direct current flowing 
through the load windings. As shown in Figure 10 of Chapter I, the 
control current required to give a particular degree of saturation 
may be greatly reduced by using this positive feedback. 


Under full load, 3500 rpm was reached with Vao pedal to 300 volts 


PP 
and I, equal to 60 milliamperes. Therefore the sensitivity ratio 

of this circuit as compared with the simple magnetic amplifier is 
about 1.70 or 28.33, the ratio of the control currents required 

60x10 

to reach the same motor speed. This assumes, by extrapolation, that 
1.70 amperes of control current, with Va pe qual to 300 volts, would 
have given a motor speed of 3500 rpm in the simple magnetic amplifier. 
This increase in sensitivity was gratifying. But the motor could 


not be stopped or slowed greatly with Vapi 300 volts no matter how 
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the control windings and load windings were arranged. Figure 8 shows 
the arrangements tried. With zero control current, for example, 

the motor speed was 2300 rpm using one arrangement. No arrangement 
of the control windings as bias winding would reduce this speed 

much below 2000 rpm. This indicated that By for all values of Bg 
exceeded B $ and therefore firing could not be prevented. Since 

there are rectifiers in series with the reactors, B o is not a function 
of the control current alone. To the flux density resulting from le 
must be added the residual flux density resulting from the direct 


current flowing through the load winding. As was shown in Chapter I, 


Ba = EE (42) 
/ -cos OF 
if e, is near zero, By increases to a large value unless Bo , 
which increases with By , approaches By . Then an indeterminate 
situation results. If B, becomes greater than Be ; LIIIDBREUS, OL 
course, continuous. 


The power gain of this magnetic amplifier was as follows: 


(a) Minimum load-maximum speed: 
— 2 
Control circuit power T ON. 


. 00102 watts 


Load circuit power Va X la 

| 23088. 70 
161 watts 

Power gain = 161 = 158,000 


102552 1 


(b) Maximum load-maximum speed: 
2 


1 
36x10“ 8x 1.55 
.016l; watts 


Control circuit power 
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Load circuit power = k x Ia 
= 230 X 11.85 
= 1115 watts 
Power gain = 1115 = 68000 
. 0161} 


Despite the excellent sensitivity of this circuit, it was 
abandoned because of its lack of controllability. 

The self-saturation circuit of Figure 9 was set up. It was 
felt that this circuit would not be as sensitive as the first but 
would prove more controllable. 

The following data were obtained from the new circuit: 


(a) With Va pp = 300 volts and full load: 


Er RPM 
O ma. 11,50 
10 1900 
20 2270 
10 2700 
60 3000 
80 3200 
100 31100 


with control current reversed: 


I REM 
O ma. 11,50 
10 1100 
70 creeping 
(b) With Vo pp = 300 volts and no load: 
I RPM 
O ma. 2700 
10 3150 
20 31450 


with control current reversed: 


I RPN 
O ma. 2700 
20 1600 
110 600 
70 creeping 


Do 





= T 
28 7 





Figure I - Im Response Gurvė 





If the reversed current in the control windings were increased 
beyond seventy milliamperes, the motor increased in speed. This is 
explained by a study of the response curve of Figure 10. 

On the basis of the preceding data, Va pp could be set at three 
hundred volts. Although the antenna could not then be stopped dead, 
its speed was perhaps one rpm in ten minutes, an impracticably slow 
speed. If, however, it were decided that it was desirable to stop 
the antenna dead on a target, either the armature voltage could be 
switched off automatically by the control current potentiometer when 
it was set to seventy millianperes reversed control current, or the 
applied voltage Va gpcould be made 290 volts rather than 300. The 
latter arrangement will permit stopping the motor dead, but it will 
decrease the sensitivity since more control current will be required 
for full speed than was necessary when Vappas 300 volts. 

Power gain of the magnetic amplifier was as follows: 

(a) Minimum load-maximum speed: 

1 


ete 
02 Ex 1,55 
1.82 x 10 watts 


Control circuit power 


Load circuit power Vax هط‎ 
230 T 
161 watts 
Power gain = 161 88 , 500 
1.82x10 
(b) Maximum load-maximum speed: 
Control circuit power = D c 
= a Ex 4.55 
= . 0455 watts 
Load circuit power = VaX la 
= 230 x 5.30 
= 1222 watts 
Power gain = 1222 = 26,800 


h.55 x 10 
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In Chapter I, equation (32) gave an expression for the control 
current needed in a self-saturated magnetic amplifier. This equation 


was 


J 





e = Ij. = = Fond Une (43) 


where I, is the control current in the self-saturated amplifier, "d 

is the control current needed in a simple magnetic amplifier to give 

a particular output, and Ijoaq is the average value of the load current. 
For full load and full speed I, is 1.56 amperes, Ijoad is 5.32 


amperes. Therefore 


Te: 2 - + a (44) 


2.30 ma. 


Actually, for full load and full speed I, was 100 milliamperes. 

The disparity between the two figures for lg is due to the fact that 
equation (3) is based on some assumptions that are legitimate 
enough but which make it give apparently erratic results because its 
result comes from the difference of two quantities that are close 
together. For a motor speed of 2),00 rpm, Ly, was 1.0 amperes, Ij5ag 


was 3.97 amperes. Therefore / s) 
I. /- £//495) ? 


= 7,5 ma, 


Actually, I, for a motor speed of 2100 rpm was about thirty milli- 
amperes in the self-saturated amplifier. 
According to a formula developed in Chapter I, the output 


voltage (here across the rectifiers) due to both reactors is 
- B 
e, = Em (2 4 Be - Br (46) 
TT Pan 
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For maximum load and maximum speed, assume By, equals YA Then 
C -tse = 27 
The measured value was 295 volts. The difference between these two 
values may be due to one or both of the assumptions made being 
inadmissible. The first assumption was that the output due to the 
so-called pre-firing skirt was negligible, i.e., before firing all 
the supply voltage was across the reactors. However, if this assump- 
tion were wrong, the error would tend to increase the calculated 
output. Therefore for maximum load and speed, the assumption that 
B, equals B f may be incorrect. B, must exceed B $ to make C, approach 
more closely the measured output. If B, were to exceed P > the 
amplifier would tend to fire on at least part of the negative 
alternation of the alternating flux. While this is possible, it 
would not add to the output because the rectifiers are unidirectional. 
Therefore, the condition previously made that > B, £ Bo £ + By 
need not be violated. 

Of the three magnetic amplifiers tested, the last seemed to have 
the greatest potentiality. Therefore it was used in the remainder of 
the problem. 

8. Speed Regulation 

In the last circuit of Section 7 one hundred milliamperes of I 
were required to produce full speed at full load, but only twenty 
milliamperes of I q are required to produce full speed at no load. 
This means that if the radar operator were to set the antenna speed 
control ie at a certain point, the — Speed would vary 
radically with changes in wind velocity, ship's speed, roll and pitch, 


and ship's heading. Therefore, the speed of the motor had to be 
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regulated so that a particular setting of le would give the same 
speed regardless of load. 
Since it was known that a reversed current in the control 
winding slowed the motor, a "regulating" winding of two hundr=d 
twenty-five turns of #28 cotton-insulated wire was wound on each core. 
in the sane sense as the control winding. A check was then made to 
see if reverse current in the regulating winding slowed the motor. 
With no load, Vappequal to 280 volts, and Je equal to ten milliamperes, 


the following results were obtained: 


Id R fm 
I ma. A 790 
Se ma, 1700 


Therefore this winding, with the regulating current, Z,/ , in the 
proper direction did slow the motor down. Similarly, if 14 had been 
reversed, the motor would have increased in speed. It was felt 
that the regulation should be degenerative rather than regenerative 
to minimize the possibility of instability. So the regulating current 
was made to slow the motor. 

Equation (1) indicates that motor speed is directly proportional 
to the counter emf developed by the motor, or the armature voltage. 
HE J ¿Were set at a particular value giving a certain motor speed and 
the load were to decrease, the armature voltage would increase and 
so would the speed. Now, if the increase in armature voltage were 
used to increase Ly, the motor speed would be decreased. The circuit 
of Figure 11 was set up to try this idea. 
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In the circuit of Figure 11 malesi of loud; Y is fixed 


for a certain speed. For a particular g. , motor speed (and Ya) 


depend upon load. For example, as the load decreases ةو‎ 


tending to increase the motor speed but also increasing 1) < This 


increase in لے‎ tends to slow the motor down. 


Of course, there will 


be some / ] for full load also, but it will increase as the load de- 


creases. 


Table 6 indicates how well this method regulated the motor speed. 


Full Load 
te JAF 
10 ma. SS 
20 72 
ho 100 
60 138 
80 IE 


Table 6 


Vapp =280 volts 


K =500 ohms 
R m I. 
880 lOma. 
1050 20 
1300 1,0 
1620 60 
1900 80 


No Load 
Id 
8l ma. 
100 
111 
25 
235 


Rem 
1180 


1300 
1610 
2000 


2350 


With no regulation ( Zg circuit open), the following data were 


obtained for comparison with the results shown in Table 6 for regu- 


lation: 
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Table 7 


Vapp = 290 volts 


Full Load No Load 

I. RPm Te RPM 
10 ma. 1660 6 ma. 2550 
20 2030 10 3000 
LO 2510 20 3300 
60 2800 25 3500 
BO 2910 


The graph of Figure 12 shows the improvement of regulation. 
With no regulation and Je equal to twenty milliamperes, the motor 
speed difference for no load and full load was 

3300 - 2030 = 1270 
With regulation andJ, equal to twenty milliampsres, the motor 
speed difference was 

1300 - 1050 = 250 
Two results may be noted. First, there was considerable improvement 
in regulation. Second, there was a material reduction in motor speed 
for all loads with regulation in effect. The speed, for a particular 
J. , was approximately halved. It was considered desirable to 
modify this circuit in such a way as to decrease this sensitivity re- 
duction. Figure 13 shows this modification. 

In this circuit there will be no ZJ at all for full load. This 
is achieved by setting p so that VA equals Va for a particular 
setting of BR corresponding to full load. If the load decreases, 
the motor speed and Va tend to increase, causing to flow to reduce 
the motor speed and V N 

67 





———————————— 


pep E 


cp 


MT 


FE HEHE 


muumaum n 
one 8ه ههه‎ + RERER nanana تنيب م سس هه‎ moro 
sono. FERRARA 5 18 5 5 30 5: 159 81 80 51 81 18 80 8 8] 80 80 8 5 85 80 5 AAA AES RAED ا‎ 3 8 5 9 81 5 8 88 5 6 
9 31 9 A 55 ددم‎ 55 5 5 5 8 kanena ل‎ 31 35 1 59 97 1 an 
asrasa BOGS BER RBG eee UNA ARANA NAAA -HHHFU EH 
MIL SR ESSERE PRO BNO GRO RARER RRO 1ه ل‎ 89: ANENA 2 81 81 9 85 Tritt ttt 
HE THEN DUSENA HE "n O a A O A A ar ف‎ 





"ama TTT SS Ses BPR eee Ss san SLA ASTIAN A VA 
v a CLIT TTT 156 AAA BEBE AAA PIDEN AAA 815 4 5 2 6 57 17 F4BERASEuUnNEM SRE SRR EARS Bee eee avaan SUNGA 
ده‎ NN ganmus a BOERS ERROR IA AECA OO .2 GPS 51 8 17 51 859 31 31 8 57 0 11 091 5 5 AAA 5 0 2 59 51 69 5 81 61 9 61 62 8 5 5 6 8 6 29 ها‎ A 
1ك 8 كز 81 18 31 2 81 51 31 1ه‎ 51 15 151 59 30 51 81 21 5 ECR 81 3 1 2 n 1ه © 98 919 85 اذ‎ 81 8 AICA AAA ATI 80 2 13 18 30 عط‎ 1282 5 A 
ا‎ 191 29 159 20 11 8 kana nena an 1ل‎ 91 7 ER LISELILLLLLLLLI aumggEPA4NURPEUVWEENHNHENEQEUNSPEERRBRENRGNSEEURWN. 311 17 Tees eee ALLI LIA 
= vu m mu A a ammummEGRERNEUNURNU Ss teen RANA AAA CANO (CRRA eee 


zem ji a... niii “FR ee H 


1 


| 


ME 


| + HH BEBRVRBERBGERBSBEERRENRENREERRUERS;Z4BREREREARNRaMEURREEESYGERRGSERRSSESREESAGSERBSERRERERARESSRARGSU!SEEEBSSS PEREBERBBRBERREGR 
BEOGRBEENBENRHEUBEESERE 55 un Anaa. A III ITALI LI KALII R'sEEMRENERERMERRHEREEBERHEEMUNUVENNMNMERNRBEEENESSRESU VUO @ so. CA LNFAR EAN 
BECERRA APT JMBENENEECNEBRBNWNERENSWMENEIMESRERREUSBEESEENEEERNEEREEREERBEERR&SERBED BARES, ""i HUMANA 
i ١18] 81 51 8 51 89 190 HAME a LLLLLL 
BESENSSERAERNSARREUGSEERRAMNENN 
an ava nar 
31 3: 159: 19 18 23 19 69 190 81 5 81 31 91 18 5 159 80 12 89 57 19 157 110 18 191 57 80 22 19 3 6 


| 
| 


tu uu o | 


d | x HETAN HA an. u... 


BREERSRBERNE S" aaa: ES Can A naan ma nara a na 
ce ENPRERRENÜZRERENEEERBRREWRNERE" SREEREESHSEARE BREST BREESE üRaBHESRERBRZNSEESGREEN 
SSG 5 1ه‎ SAD AAA ا ا الا ا ا‎ ee ee CARINO 
HEE aap’ anza BERERERSSNNSERERF on Lb "++: +44 ALA IS A NHWEGUBRBGER 
amnmmumm AEANASAREP ANTEN UNN N N yA Arman Af كك‎ 8 91-8 191 16 91 81 85196 WERRESERERRBRBENERARERERSDBERENRBHWERBUEE /RU 
pung ns 1ه 15 اه‎ 80 81 5 17 (Ee eee Ree 1 9] 81 131 81 81117 cue hee 1 id a 
BOGGS SERRE S .SELERERE SERRA REE ERS SHO AAAS 6 81 31 1ه‎ 


| 
s) 
> 
m. 


6 5 5 5 5 5715 8 5: 57 86 ه 57 51 8 8 81 51 51 8 8 80 8 6ك‎ 24 2 6 11 80 10 50 1 50 5: 9 58 6 80 A AA AAA rs I 
MERE B - wr anne + EH HHO TEU CANADA 81 27 90 80 50 130 80 80 31 5 30 15 21 50 20 18 50 i 


=e =i =. o HAI HEHHEE xi gucci 


mE sama 1ه اس‎ 31 51 81 19 80 1 81 51 50 5 61 18 5 50 81 5 18 6 5 6 6 1 -rH h AA MANOR AAA 
AAA JUONEN menn نظ 111 © 19 60 159 80 20 11 91 5 كل‎ 80 8 68 18 0 150 14 191 12 15 19 Ae 


n na enga 
aus LLIT EIG ar AAA nen HHT UNIONI EN "wEREREY 
LL. ARONA o TTT mmm o 

31 24 40 18 15 8] 15 14] ها ها 6 57 35761 13 لظا‎ ABRAN 65 18:60 6 18 EDEN dado + SER ERGER EGR MA] 

RATO 19 31 31 157 57 31 81 3031 5 09 15 1390 591 57 181 50 1ه‎ 191 150 80 80 80 3 19 31 30 80 5 80 0 5 7 15 06 81 5 5 5 nu 
117 1ه :8 81 81 81 81 80 81 91 8 ]15 81 81 81 155 1ه ها‎ 88 11 31 3 19 60 00 60 61 51 50 8 57 8 50 31 80 28 6 86 12 5 80 50 2 65 8 57 1 80 1 TH arena BSG GNSS ROBE, PRR RAR Se 
yA ze EHUERSARERRERNENEERREREEBEEBGuWERREGERRERRRAEGREREREERERSEREURREGRÉN aL LE suzRännanasası 

EERRSEERR H anmuangan Leo Eee aa DEZENA an 


„ON 3vAUO 


IT TILILIIEITITITITT. BGas gene au 

m H- +4 HENHNENNESNBNENRENHÀRE En HHR GHERNDS 

OS 815 8 810 81 15 5 1 51 5 159 50 81 856 5 5 850 8 17 1 7 32 7 1 2 

2 5 20 952 5 50 5 5 8 8 15 158 6 11 6 13 18 60 1 30 5 150 5 ذا 5 51 2 3 A‏ 1ل الالقا 

91 397 10 18 81 61 attr ESMEN NHN A RARA OL Da KALI II AAKE ADNAN EERVN 
"H-H-FHH- 001 ANaANE an HH مس 56 كار‎ " ١1 + 

apace DIT th t ١ 401 181 831 831158 55 88 3! 55 28 41 80 15 54 8! 18 8 60 8 51 33 81 151 150 11 3‏ 10 157 31 31 8 لز 

sana ها 8 6 805 5 52 1 31:5 81 15 5 5 9 اه‎ 19 21 81 131 30 50 1 58.81 5 27 81 8 5120985 FERNS n juma namn SALE HRREREREE u 

CAI ADMIN PA FE COED E HONE ¥ DEEN EEG HF Un ١ 111 159 5 95 07 1 BRAS Be 


Pu aliens BEWBREBIERREREREREESNEREERE 
» MERE, = see LUTE 2 | 
X e do oa BE. SER HH m : 5 
EXE EGG 
MTRO c -w a 
SEE et RE „sun 
3 IA CIAO “Russe 











Figure 13 - rán Regulat ing Circuit 








In actual aperation, P (the speed control) and P 2 (the regulation 
control) would be adjusted synchronously. In other words, A would 
be so designed that its movable arm would be moved in synchronism 
with that of f, so that Vy would automatically be set equal to full 
load V, for a particular J EB 

Once F, is set, it is necessary that Vj remain constant regard- 
less of what ولا‎ does. This poses a difficult problem. By making A 
a very low resistance, of the order of one hundred ohms, Vy will 
remain constant as Va changes, but the current drain and power wastage 
is exorbitant. To avoid this, it is necessary that the resistance of 
f, be large but that the resistance between the movable arm and 
common depend upon the magnitude of V . In other words, this resistance 
to common must decrease when Ve increases. This clearly indicates 
the need of a regulating device across Vy . A voltage regulating 
circui* such as shown in Figure ll will vary the resistance from 
center tap to common in the way desired to keep Vj constant. An 
ordinary regulated power supply as the source of VJ is rapidly "unregu- 
lated" when Ve exceeds Ya e 

Data cn the regulating circuit of Figure 13 is civen in Tables 8 


and 9, wich follow. 
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Tale 
Vapp = 200 volts 
Rg = 200 ohms 


e = 0 ma. 


Load RPM VA Id Vd 


Full Load 2.10 amps. 1200 30 v. 0 OO v; 
20000 1200 82 3 ma. 00 
1.60 1200 81, 16 80 
1.20 7200 86 2 80 
1.00 1300 08 28 80 
Zero Load .62 1310 92 28 81 
Table 9 
Vapp = 280 volts 
Ry = 200 ohms 
I, = O Ra. 
Load RPM Va 14 Vd 
Full Load 3.90 amps. 27500 170v: O 169 v. 
TOO 2 [00 1772 152. 169 
3020 2710 17) 20 169 
2.00 2740 YA 24 169 
2.10 2800 179 36 169 
2.00 2850 180 hhi 170 
50 2870 102 SO T70 
Zero Load .72 2919 190 ao 175 
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From Table 6 it is seen tnat with Ze equal to zero, if the load 

changed from full to no load, the antenna speed would increase by 
Ta rom. e RP 
230 

where 230 is the gear ratio from motor to antenna. Since it is 
unlikelw that the load would change rapidly from a sixty knot wind 
(plus roll and pitch of the ship) to a zero knot wind, this variation 
was considered negligible. It was better regulation than the electron 
tube regulating circuit presently used in the SPS-6 radar. 

From Table 9, withZ, equal to forty miliamperes, when the load 
changed fron full to no load, the antcnna speed increased by 


29970 - 2900 
a 
2 30 


= Ve S rpm 


Again this change was considered negligible. 

The graph of Figure 15 shows the improvement of regulation by 
this method. 

As Ra was decreased, the incremental JA increased for a given 
VA change. However, as R4 is reduced it becomes more difficult to 
maintain VJ constant. 

The loss of sensitivity due to the regulating winding may be 
computed by modifying equation (3) to include the magnetomotive 


force of the ~->zulatineg winding. 
8 PET 47) 
(N Ia) nus = ععار‎ 2. 7 PL iced Nae d / 


where ( N 14), E the maf required in the simple magnetic amplifier. 


Then 7. ae AIde )totat _ B load Nas Ded Na + + (4 9) 


NU 
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Por example, for zero load with motor speed equal to 2970 rpm, 


al 170- Ll 220) + 20,7 


30.7 ma, 

Actually, Le vas forty milliamperes. Note that the regulating 
winding appears to increase the control current by a considerable 
amount at zero load. Je for this motor speed and zero load with no 
regulation was only about ten milliamperes. Regulation, then, more 
than doubled the amount of control current needed to produce a motor 
speed of 2970 rpm at no load. The decrease in sensitivity with regu- 
lation was, of course, maximum at no load. At full load there was no 
decrease in sensitivity when regulation was in effect since Leguas 


zero for full load. 


9. Summary. 


The circuit of Figure lJ, it is felt, is a practical solution to 
the problem outlined in Section 1. The antenna could be rotated at any 
speed from zero to fifteen rpm under any load from zero to a sixty knot 
wind plus effect of inertial forces; the antenna speed was effective- 
ly regulated; and vacuum tubes were eliminated except as they might 


be used for regul ting circuit similar to that of Figure ll. 
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APPENDIX A 
THE PROBLEM OF RADAR ANTZ¿NNA TRACKING 


Chapter II has offered a magnetic amplifier solution to radar 
antenna control for searching.  Present-day radars are also often used 
for tracking targets. It would be highly desirable, therefore, if 
a magnetic amplifier could be designed for this latter purpose. The 
circuit of Figure 1 illustrates the problem. When Ze is zero, the 
motor is stationary since there is as much current going through the 
motor in one way as the other. If the control current is now in- 
creased and the control windings are arranged so that the magnetomotive 
force of one control winding bucks that of its associated load wind- 
ing while the masnetomotive force of the other control winding aids that 
of its associated load winding, then the load current should increase 
in one direction and decrsase in the other, and the motor will turn 
in one direction. There are two things wrong with this idea. First, 
sensitivity is poor because there still is a current in the wrong 
direction through the motor. Second, such a control winding arrange- 
ment means that the load winding will induce voltages in the control 
windings. As was mentioned in Chapter I, this reduces the sensitivity. 
If the control current direction were reversed, the motor would turn 
in the opposite direction. This arrangement should work, but its 
sensitivity would be poor, and the motor would probably be sluggish 
in its response. 

The control current would have to result from an error signal. 


This error signal, resulting from the antenna moving off the target, 
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could be generated in the conventional way. 

Figure 2 shows another circuit that will make the antenna track 
the target. When the top of the secondary is positive, current 
goes through the motor in one direction. When the polarity changes, 
current reverses through the motor. When Z, is zero, then, the motor 
is stationary. Due to the way the control windings are arranged, 
when Ze is increased, the current throush the motor in one direction 
increases and it decreases in the other direction. Therefore the motor 
will turn. Reversal of the control current reverses the motor direction. 
The difficulty with this circuit is that not only is there a path for 
current from one pair of reactors through the motor, but there is also 
a path for this current through one of the other pair of reactors. This 
causes this circuit to be insensitive and requires inordinately large 
reactors for the amount of motor torque resulting. 

The rose of antenna tracking using magnetic amplifiers will 
be solved when a circuit configuration is developed that will have 
good sensitivity, that will respond ovickly to error, and will not 


cause hunting. 


19 


























Thesis 15549 


B236 Barr 
col The design of magne- 


tic amplifiers; a mag- 
netic amplifier for 
radar antenna control. 





